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(57) ABSTRACT

An electrostatic transducer includes first and second flexible
conductive membranes; and first and second conductive
stators. The membranes and the stators are assembled in a
layered configuration with the membranes between the
stators and with an enclosed volume of air sealed between
the first and second membranes. The electrostatic transducer
is arranged in use to apply an electrical potential which gives
rise to an electrostatic force between the membranes and the
stators that causes the membranes to move relative to the

stators.
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Figure 2a
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Figure 3a
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MULTILAYERED ELECTROSTATIC
TRANSDUCER

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a § 371 national stage of
international application no. PCT/GB2022/052382, filed on
Sep. 21, 2022, which claims priority to UK application no.
2113468.9, filed on Sep. 21, 2021, the disclosures of both of
which are incorporated by reference in their entirety herein.

FIELD

[0002] This invention relates to an electrostatic transducer
and is particularly but not exclusively concerned with a
loudspeaker suitable for reproducing audio signals.

BACKGROUND

[0003] A traditional electrostatic loudspeaker comprises a
conductive membrane disposed between two perforated
conductive backplates to form a capacitor. A D.C. bias is
applied to the membrane and an A.C. signal voltage is
applied to the two backplates. The signals cause an electro-
static force to be exerted on the charged membrane, which
moves to drive the air on either side of it.

[0004] Variations on such traditional electrostatic loud-
speakers are known. For example, an electrostatic transducer
may be provided with two membranes. Such arrangements
may provide some advantages in relation to the performance
of the transducer, such as increased sound pressure level
(SPL). However, there remains a need for improvement in
the acoustic performance of electrostatic transducers of this

type.
SUMMARY

[0005] When viewed from a first aspect, the invention
provides an electrostatic transducer comprising:

[0006] first and second flexible conductive membranes;
and

[0007] first and second conductive stators;

[0008] wherein the membranes and the stators are

assembled in a layered

[0009] configuration with the membranes between the
stators;
[0010] wherein the electrostatic transducer is arranged

in use to apply an electrical potential which gives rise
to an electrostatic force between the membranes and
the stators that causes the membranes to move relative
to the stators; and
[0011] wherein the first and second flexible conductive
membranes have respective first and second effective
compliances, wherein the first effective compliance is
at least 10% greater than the second effective compli-
ance.
[0012] The first aspect of the invention extends to a
method of manufacturing an electrostatic transducer, the
method comprising:
[0013] providing first and second flexible conductive
membranes; and first and second conductive stators;
[0014] assembling the first and second flexible conduc-
tive membranes and the first and second stators in a
layered configuration with the membranes between the
stators; and
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[0015] arranging the electrostatic transducer to apply in
use an electrical potential which gives rise to an elec-
trostatic force between the membranes and the stators
that causes the membranes to move relative to the
stators;

[0016] wherein the first and second flexible conductive
membranes, after assembly in the layered configura-
tion, have respective first and second effective compli-
ances, wherein the first effective compliance is at least
10% greater than the second effective compliance.

[0017] As is understood by the skilled person, “compli-
ance” is a term of the art which refers to the inverse of a
material’s stiffness, i.e. the compliance refers to the exten-
sion in a material produced per unit force applied to the
material. When the material (i.e. the membrane in this case)
is held under tension, the tension affects the extension
produced per unit force. As is also understood by the skilled
person, an effective compliance may then be defined, which
takes into account the tension under which the material is
held. It is therefore to be understood that the term “effective
compliance” as used herein refers to the effective compli-
ance which takes into account the tension in the membrane
when the membrane is mounted in the layered configuration.
As such, the effective compliance of each membrane is
defined for the respective membrane (with its respective
tension) when it is assembled in the layered configuration in
the transducer.

[0018] As the skilled person will also appreciate, the
compliance of a material (and thus the effective compliance
of'a material held under tension) is not necessarily isotropic,
e.g. the compliance and effective compliance may be aniso-
tropic (e.g. orthotropic). In general, the compliance and
effective compliance may each be expressed as a tensor. In
the context of the present invention, when it is said that the
effective compliance of the first membrane is at least 10%
(or any other specified percentage) greater than the effective
compliance of the second membrane, where applicable this
may be understood to mean that each non-zero component
in the effective compliance tensor of the first membrane is
greater than the corresponding component in the effective
compliance tensor of the second membrane by at least the
specified percentage.

[0019] Generally, providing two membranes in a layered
configuration in a transducer can provide some advantages.
For example, providing a second membrane in an electro-
static transducer can increase the output of the transducer,
i.e. increasing the SPL (sound pressure level) for a given
input voltage. However, the Applicant has noted that this
configuration may introduce distortion (specifically inter-
modulation distortion resulting from two membranes reso-
nating together) and that improvements to the frequency
response would be beneficial.

[0020] The Applicant has appreciated that providing the
membranes with different effective compliances may miti-
gate or eliminate the problem with intermodulation distor-
tion as well as further improving the performance of the
transducer. A single membrane in a transducer has a char-
acteristic frequency response that depends on the mem-
brane’s effective compliance. An illustrative sketch of the
typical frequency response of a transducer with a single
membrane is shown in FIG. 1. It can be seen that the
amplitude of vibration increases with frequency to a reso-
nant peak 104, then decreases after the peak, and then
increases monotonically at higher frequencies. A different
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effective compliance provides a different frequency
response, e.g. changing the position of the resonant peak.
[0021] Providing a second membrane with a different
effective compliance provides an additional contribution to
the frequency response, where the additional contribution
has a different shape, e.g. a different resonant peak. The
frequency response of the transducer as a whole is thus a
composite frequency response combining the frequency
responses of the two membranes. When the difference in
compliance is sufficiently large, i.e. at least 10%, the com-
posite frequency response has beneficially improved char-
acteristics. For example, the contribution of two different
resonant peaks may provide a flatter frequency response
compared with a single membrane or compared with two
membranes that have the same effective compliance. This
may advantageously mitigate the effects of distortion that
may result from providing two membranes, while still
providing the benefits of increased SPL as discussed above.
[0022] It will be appreciated by the skilled person in light
of the disclosure above that the difference in effective
compliance, i.e. at least 10%, is significantly greater than the
difference that would arise due to manufacturing tolerances
in a transducer with two membranes. The difference between
a nominal effective compliance and the actual effective
compliance of a membrane that might arise due to manu-
facturing tolerances (e.g. in the membrane dimensions and/
or the membrane tension) would be no more than 1%-2%.
The difference in effective compliance is therefore one
which is provided deliberately rather than one which might
arise inadvertently.

[0023] In a set of embodiments, the first effective compli-
ance is at least 15% greater than the second effective
compliance, e.g. at least 20%, at least 25% or at least 30%.
[0024] The difference between the first effective compli-
ance and the second effective compliance may be achieved
in any suitable manner, e.g. through different membrane
materials and/or membrane material properties; through
different membrane thicknesses; through different mem-
brane tensions; through other membrane properties or
dimensions; or through a combination of two or more of
these.

[0025] The first and second membranes may have different
thicknesses. The first effective compliance may be greater
than the second effective compliance entirely or in part as a
result of the first and second membranes having different
thicknesses.

[0026] The thickness of the second membrane may be at
least 3% greater than the thickness of the first membrane,
e.g. at least 5% greater, e.g. at least 10% greater.

[0027] The thickness of the first membrane may be less
than 100 pm, e.g. less than 50 um, e.g. less than 20 pm, e.g.
less than 10 pm. The thickness of the first membrane may be
greater than 5 pm, e.g. greater than 10 um, e.g. greater than
20 pm.

[0028] The difference in thickness required to create a
specified difference in effective compliance (e.g. a 10%
difference in effective compliance) may depend on the
properties of the membrane, e.g. the membrane material.
However, in light of the teaching of the present disclosure,
it is possible for the skilled person to select suitable thick-
nesses to achieve a specified difference in compliance.

[0029] The thickness may refer to an average thickness, a
minimum thickness or a maximum thickness.
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[0030] Additionally or alternatively, first and second
membranes may be mounted in the transducer under differ-
ent tensile stresses. For example, each membrane may be
placed under a different tension during manufacture. The
first effective compliance may be greater than the second
effective compliance entirely or in part as a result of the first
and second membranes being under different tensile stresses
when mounted in the transducer.

[0031] The membranes may be placed under different
tensions during manufacture of the transducer. For example,
the first and second membranes may be bonded to the first
and second stators respectively and/or to the spacer or spacer
structure while the under different tensions, thereby intro-
ducing different tensile stresses to the first and second
membranes.

[0032] The tensile stress of the second membrane may be
at least 5% greater than the tensile stress of the first
membrane e.g. at least 10% greater, e.g. at least 15% greater,
at least 20% greater, e.g. at least 25% greater.

[0033] The tensile stress of the first membrane may be in
the range 2 MPa to 50 MPa, e.g. 5 MPa to 30 MPa, e.g. 10
MPa to 20 MPa. As used herein, “tensile stress” refers to the
average tensile stress in a membrane.

[0034] In one non-limiting example embodiment, a trans-
ducer has first and second membranes made from 50
um-thick BOPP (biaxially-oriented polypropylene), wherein
the first membrane has an average tensile stress of 20 MPa
and the second membrane has an average tensile stress of 24
MPa.

[0035] Additionally or alternatively, first and second
membranes may be made from different materials. The first
effective compliance may be greater than the second effec-
tive compliance entirely or in part as a result of the first and
second membranes being made from different materials.
[0036] In one non-limiting example embodiment, the first
membrane is made from BOPP and the second membrane is
made from BoPET (biaxially-oriented polyethylene tereph-
thalate), and the first and second membranes have the same
thickness and the same tensile stress. This may provide a
difference in effective compliance of around 32%, depend-
ing on the grade of the materials.

[0037] In a set of embodiments, each membrane com-
prises a laminated structure, e.g. comprising flexible insu-
lating layers and a conductive layer. For example, each
membrane may comprise a flexible insulating layer (e.g. a
polymer material) with a conductive (e.g. metal) layer on
one side thereof, with a further flexible insulating layer (e.g.
the same or a different polymer material) provided over (e.g.
bonded to) the conductive layer. As one specific non-
limiting example, each membrane may comprise a BOPP
layer with a gold or aluminium metal coating deposited
thereon, and a further BOPP layer overlaid on and bonded to
the metal coating with an adhesive.

[0038] However, this is not essential and in a set of
possible embodiments, each membrane comprises or con-
sists of a layer of flexible insulating material (e.g. a polymer)
with a conductive layer (e.g. a deposited metal coating) on
one side thereof (e.g. on the side of the membrane facing
away from the other membrane when mounted in the
transducer) without an additional flexible insulating layer
overlaid on and bonded to the conductive layer. As one
specific non-limiting example, each membrane may be made
from a sheet of BOPP with a conductive layer (e.g. a thin
gold or aluminium deposited coating) on one side.
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[0039] Preferably, other than the parameter(s) and/or prop-
erty/properties that are specified as being different for each
membrane, any other parameters relating to the membrane
properties, material and mounting are identical to within
manufacturing tolerances. As noted above, more than one
parameter or property may be different between the mem-
branes, e.g. the membranes could be a different thickness
and have a different tensile stress such that the specified
difference in effective compliance is achieved. In preferred
embodiments, only one parameter/property selected from
thickness, material and tensile stress differs between the
membranes. It follows that in any given embodiment, the
first and second membranes may have the same thickness.
Similarly, the first and second membranes may be made
from the same material or the same combination or mate-
rials.

[0040] Similarly, the first and second membranes may be
mounted in the transducer under the same tensile stress.

[0041] As noted above, having two membranes with a gap
between them may improve the transducer performance. In
a set of embodiments, the first and second membranes are
mounted in the transducer with a gap between them.

[0042] However, the Applicant has appreciated that par-
ticular benefits and improvements in the performance of the
transducer may be achieved if an enclosed volume of air is
provided between the first and second membranes. For
example, such an enclosed volume may provide an air
cushion that provides acoustic impedance, damping the
membrane at high frequencies and providing a greater
effective mass at low frequencies. This may enhance the
lower frequencies and flatten the higher frequencies, pro-
viding a flatter frequency response overall. In a set of
embodiments, the transducer comprises an enclosed volume
of air sealed between the first and second membranes.
[0043] This is novel and inventive in its own right, and
thus when viewed from a second aspect, the invention
provides an electrostatic transducer comprising:

[0044] first and second flexible conductive membranes;
and

[0045] first and second conductive stators;

[0046] wherein the membranes and the stators are

assembled in a layered

[0047] configuration with the membranes between the
stators and with an enclosed volume of air sealed
between the first and second membranes;

[0048] wherein the electrostatic transducer is arranged
in use to apply an electrical potential which gives rise
to an electrostatic force between the membranes and
the stators that causes the membranes to move relative
to the stators.

[0049] The second aspect of the invention extends to a
method of manufacturing an electrostatic transducer, the
method comprising:
[0050] providing first and second flexible conductive
membranes; and first and second conductive stators;
[0051] assembling the first and second flexible conduc-
tive membranes and the first and second stators in a
layered configuration with the membranes between the
stators and with an enclosed volume of air sealed
between the first and second membranes; and

[0052] arranging the electrostatic transducer to apply in
use an electrical potential which gives rise to an elec-
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trostatic force between the membranes and the stators
that causes the membranes to move relative to the
stators.

[0053] Optional features of the first aspect where appli-
cable may also be features of the second aspect and vice
versa.

[0054] When it is said that the volume of air sealed
between the first and second membranes is “enclosed”, it is
to be understood that this means that the air is surrounded on
all sides without any gaps. For example, the skilled person
will understand that thin films may permit the passage of
gases therethrough, and so it is to be understood that the
enclosed volume of air is not necessarily hermetically sealed
in between the first and second membranes. Rather, being
“enclosed” implies that air cannot move freely in or out of
the volume in a way that transmits an acoustic wave. A vent
hole (e.g. provided for static equalization) is typically not
necessary, and preferably no vent hole is provided.

[0055] The first and second membrane may be mounted in
the transducer with spacer or spacer structure between them.
The first and second membrane together with the spacer or
spacer structure may enclose the volume of air. For example,
the spacer or spacer structure may be bonded to the first and
second membranes, e.g. around a respective periphery of
each membrane, to seal the air inside the enclosed volume.
Additional spacers or spacer structures may be used to
separate the first and second membranes respectively from
the first and second stators. The spacing between the first
membrane and the first stator may have any suitable value,
e.g. between 15 pm and 3 mm, e.g. between 0.1 mm and 1
mm, e.g. about 0.5 mm. The spacing between the second
membrane and the second stator may have any suitable
value, e.g. between 15 pm and 3 mm, e.g. between 0.1 mm
and 1 mm, e.g. about 0.5 mm.

[0056] The transducer may have multiple volumes of air
sealed between the membranes. In one example embodi-
ment, the spacer comprises a layer of material with multiple
large apertures separated by walls and the membranes are
each bonded to the walls between the apertures. Each
aperture may thus define a volume of air that is sealed in by
the membranes. For example, the spacer may have a lattice
shape (e.g. a hexagonal lattice or square lattice).

[0057] The spacing between the first and second mem-
branes may have any suitable value. In general, the spacing
may be selected based on the application of the transducer,
e.g. to provide greater SPL, or to enhance the lower fre-
quencies. The spacing may be less than 5 mm, e.g. less than
2 mm. As discussed herein, the spacing between the mem-
branes refers to the spacing when the membranes are in an
undeflected position. The term spacing may refer to the
perpendicular distance between respective centre points on
the membranes.

[0058] In a set of embodiments, there is no intervening
element between the first and second membranes, i.e. there
is only an air gap between the membranes. The spacing
between the first and second membranes may be at least 5
um, e.g. at least 50 um, e.g. at least 100 um. This is helpful
to provide a sufficient air cushion between the membranes to
provide the above-mentioned benefits to the transducer
performance.

[0059] In general, the first and second membranes may be
electrically coupled, but this is not essential. In embodi-
ments with no intervening element between the first and



US 2024/0381036 Al

second membranes, preferably the first and second mem-
branes are electrically coupled.

[0060] In general, the transducer may be electrically
biased in any suitable manner to cause the membranes to
move in response to a varying voltage representing an audio
signal. Preferably the electrostatic transducer comprises a
biasing arrangement configured to apply the electrical poten-
tial. As a non-limiting example, in embodiments with no
intervening element between the first and second mem-
branes, a D.C. bias Vb may be applied to the first and second
membranes with a varying voltage applied to the first and
second stators (e.g. a voltage V1+V(t) may be applied to the
first stator, where V1 is a bias offset, V1<Vb, and V(1) is a
varying voltage corresponding to the audio signal, and a
voltage V2-V (t) may be applied to the second stator, where
V2 is a bias offset and V2<Vb).

[0061] Ina setof embodiments, a further conductive stator
is provided between the first and second membranes. In such
embodiments, the spacing between the first and second
membranes is preferably at least 20 um, e.g. at least 50 um.
The further stator preferably comprises perforations, allow-
ing air to pass therethrough. In embodiments comprising an
enclosed volume of air sealed between the membranes, said
volume of air may therefore contain the further stator. The
further stator may be separated from each of the first and
second membranes by respective first and second spacers.
The first and second spacers may be bonded to the further
stator and the first and second membranes (e.g. around the
periphery of the further stator and of each membrane) so that
the membranes, the first and second spacers and the bonded
portion of the further stator together enclose the volume of
air.

[0062] The first and second stators preferably comprise
perforations, allowing air to pass therethrough. The first
stator, the second stator and/or (where provided) the further
stator may comprise an insulating coating on one or more
surfaces facing the membranes.

[0063] In embodiments with a further conductive stator
between the first and second membranes, the membranes
may be electrically coupled, but they are preferably electri-
cally insulated from each other.

[0064] As mentioned above, the transducer may be elec-
trically biased in any suitable manner. As a non-limiting
example, in embodiments with a further conductive stator
between the first and second membranes, the first mem-
brane, the further stator, and the second membrane may be
provided with respective D.C. biases Va, Vb, and Vc (e.g.
where Va<Vb<Vc¢) with a varying voltage applied to the first
and second stators (e.g. a voltage V1+V (1) may be applied
to the first stator, where V1 is a bias offset, V1<Va, and V
(t) is a varying voltage corresponding to the audio signal,
and a voltage V2-V (t) may be applied to the second stator,
V2 is a bias offset and V2>Vc).

[0065] In some embodiments, the transducer comprises
more than two membranes. In addition to the first and
second membranes, there may be one or more further
membranes between the first and second stators. For
example, the transducer may comprise or consist of the first
and second stators with three or more membranes (including
the first and second membranes) between the first and
second stators. Such configurations may be electrically
biased in any suitable way. For example, the membranes
may all be electrically coupled to each other and a D.C. bias
may be applied to all of the membranes between the stators,
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with a varying voltage applied to the first and second stators,
i.e. in a similar arrangement to that described above for the
version with two membranes, but with more than two
membranes all electrically coupled.

[0066] As noted above, in a set of embodiments, the
transducer may comprise a further (i.e. a third) stator
between the first and second membranes. In a subset of these
embodiments, the transducer may comprise more than three
stators and more than two membranes. For example, the
transducer may comprise a number, N, of stators, and a
number, N-1, of membranes, where N is at least 4. The
stators and membranes may be arranged in an alternating
layered configuration with the first and second stators out-
ermost. Such arrangements may be electrically biased in any
suitable manner. In one non-limiting example of a biasing
arrangement, a varying voltage may be applied to each stator
and a D.C. bias applied to each membrane. The varying
voltage applied to the Nth stator (numbered sequentially
across the transducer) includes a bias offset of N times a
voltage Vb. This allows a large voltage to be provided across
the transducer as a whole (thus improving output power and
SPL) while keeping the voltage across any given pair of
stators sufficiently below their breakdown voltage. The
magnitude of the voltage swing of the varying component is
the same for each stator but the polarity of the varying
component for odd numbered stators is opposite the polarity
for even numbered stators. The magnitude of the D.C.
voltage applied to each membrane is the same but the
polarity for odd numbered membranes is opposite the polar-
ity for even numbered membranes. However, this is just one
example and other biasing arrangements are possible.

BRIEF DESCRIPTION OF THE FIGURES

[0067] Certain preferred embodiments will now be
described, by way of example only, with reference to the
accompanying drawings, in which:

[0068] FIG. 1 shows an illustrative sketch of the frequency
response of a typical electrostatic transducer having a single
membrane, for reference purposes;

[0069] FIG. 2a shows a schematic cross-sectional view of
a first embodiment of electrostatic transducer in accordance
with the present invention;

[0070] FIG. 25 shows a schematic perspective view of the
embodiment shown in FIG. 2a;

[0071] FIG. 2¢ shows a plan view of the third spacer of the
first embodiment;

[0072] FIG. 3a shows a schematic cross-sectional view of
a second embodiment of electrostatic transducer in accor-
dance with the present invention;

[0073] FIG. 35 shows a schematic perspective view of the
embodiment shown in FIG. 3a;

[0074] FIG. 4a shows an illustrative sketch of the respec-
tive frequency responses of two individual transducers each
manufactured with a single membrane, where the membrane
in each transducer has a different effective compliance; and
[0075] FIG. 45 shows an illustrative sketch of the respec-
tive frequency responses of a prior art transducer and a
transducer in accordance with the present invention.

DETAILED DESCRIPTION

[0076] FIG. 1 shows an illustrative sketch of the frequency
response 100 of a typical electrostatic transducer having a
single membrane, for reference purposes. It can be seen that
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the low frequency portion 102 of the frequency response
produces relatively low SPL (sound pressure level). The
SPL has a resonant peak 104 at higher frequencies, and then
the highest frequency portion 106 increases with increasing
frequency thereafter. This frequency response is not ideal, in
particular due to the poor response at low frequencies and
the disproportionately strong response at the resonant peak.
A flatter frequency response profile with a stronger low
frequency response is desirable to improve the fidelity of the
output acoustic waves based on an input audio signal.
[0077] FIGS. 2a and 24 show a first embodiment of an
electrostatic transducer 200 in accordance with the present
invention. The electrostatic transducer 200 comprises a
layered configuration of membranes 204, 206 and stators
208, 210, together with a biasing arrangement 212. FIG. 2qa
shows a schematic cross-sectional view of the layered
configuration. FIG. 25 shows a schematic perspective view
of the layered configuration. FIGS. 2a and 24 are not to
scale.

[0078] The layered configuration comprises a first mem-
brane 204 and a second membrane 206, which are positioned
between a first stator 208 and a second stator 210. The first
and second membranes 204, 206 each comprise a flexible
electrically conductive layer. The first and second stators
208, 210 each comprise a rigid conductive sheet (an alu-
minium sheet in this example) with an array of holes 214
therein to allow the acoustic waves generated by the mem-
branes 204, 206 to pass through the stators 208, 210 into the
surrounding environment. In other embodiments, the stators
208, 210 may comprise different materials or combinations
of materials.

[0079] The transducer 200 also comprises first and second
spacers 216, 218. The first spacer 216 is positioned between
the first membrane 204 and the first stator 208 so that the first
membrane 204 and the first stator 206 are held in a spaced
relationship with respect to one another. The first membrane
204 and the first stator 208 are bonded to the first spacer 216
with an adhesive. The second spacer 218 is positioned
between and bonded to the second membrane 206 and the
second stator 210 in a similar manner, so that the second
membrane 206 and the second stator 210 are held in a spaced
relationship with respect to one another.

[0080] In this example, the spacing between the first
membrane 204 and the first stator 208 is 1 mm and the
spacing between the second membrane 206 and the second
stator 208 is also 1 mm, although other spacings are pos-
sible.

[0081] The transducer 200 further comprises third spacer
220 positioned between the first and second membranes 204,
206. FIG. 2¢ shows a plan view of the third spacer 220. It
can be seen that in this example the third spacer 220 has a
square shape (although other shapes are possible), and
consists of an unbroken surround 222 that encloses a central
hole 224 on four sides. The position of the third spacer 220
between the first and second membranes 204, 206 can also
be seen in FIG. 2b. The third spacer 220 is bonded to the
membranes 204, 206 around their entire peripheries, so that
the surround 222 together with the membranes 204, 206
form a complete enclosure enclosing a volume of air 226 in
the hole 224, with no gaps in the enclosure. The unbroken
surround 222 may be formed from more than one piece, but
such pieces are bonded or otherwise sealed together without
gaps or air holes. As discussed above and further below,
providing an enclosed volume of air between the two
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membranes improves the performance of the transducer-in
particular, the frequency response.

[0082] In this example, the spacing between the mem-
branes is 0.5 mm, although other spacings are possible.
[0083] The first and second membranes 204 each have a
respective effective compliance. As mentioned above, the
effective compliance may depend on a number of factors
relating to the membrane structure, dimensions and/or mate-
rials and well as the manner in which it is mounted. In the
example embodiment of FIGS. 2a and 25, the membranes
204, 206 are identical in structure, material and dimensions.
In this example, each membrane is 50 um thick and com-
prises a BOPP polymer sheet with an aluminium coating
deposited thereon, and a further layer of BOPP adhered over
the aluminium layer. In other embodiments, the membranes
may comprise different materials or combinations of mate-
rials from this particular example and/or from each other,
e.g. in variation on FIGS. 2a¢ and 25, the membranes 204,
206 may each consist of a single BOPP sheet with an
aluminium coating on one side.

[0084] To provide a difference in effective compliance, the
two membranes are mounted so that each membrane is
under different average tensile stress across its surface. The
first membrane 204 has an average tensile stress across its
surface of 20 MPa, while the second membrane 206 has an
average tensile stress across its surface of 24 MPa.

[0085] In a variation on the embodiment of FIGS. 2a and
2b, the first and second membranes 204, 206 are made from
the same materials and are mounted in the layered configu-
ration under the same tensile stress but have different
thicknesses. In this variation, the first membrane 204 has a
thickness of 50 um and the second membrane 206 has a
thickness of 53 um. Owing to the difference in thickness, the
effective compliance of the first membrane 204 is approxi-
mately 20% higher than the effective compliance of the
second membrane 206.

[0086] In the example embodiment of FIGS. 2a and 25,
the first and second membranes 204, 206 are electrically
coupled and the biasing arrangement 212 provides a D.C.
bias Vb to the membranes 204, 206. The biasing arrange-
ment 212 also provides a varying voltage to the first and
second stators 208, 210. The voltage provided to each stator
208, 210 includes a bias offset (V1 for the first stator 208 and
V2 for the second stator 210) and a varying component V(t)
corresponding to the audio signal to be reproduced. The
varying component has opposite polarity for each stator 208,
210, so that as the voltage V() varies, the stators 208, 210
cooperate to push and pull the biased membranes 204, 206
to generate acoustic waves corresponding to the audio
signal.

[0087] FIGS. 3a and 35 show a second embodiment of an
electrostatic transducer 300 in accordance with the present
invention. The electrostatic transducer 300 comprises a
layered configuration of membranes 304, 306 and stators
308, 309, 310 (with holes 314, 315) together with a biasing
arrangement 312. FIG. 3a shows a schematic cross-sectional
view of the layered configuration. FIG. 35 shows a sche-
matic perspective view of the layered configuration. FIGS.
3a and 35 are not to scale.

[0088] The first and second membranes 304, 306 and the
first and second stators 308, 310 of this embodiment have
the same structure as the membranes 204, 206 and stators
208, 210 of the first embodiment, including being bonded to
first and second spacers 316, 318, which hold the first and
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second membranes 304, 306 in a spaced relationship relative
to the first and second stators 308, 310 respectively. How-
ever, in this embodiment, a third stator 309 is provided
between the first and second membranes 304, 306. The third
stator 309 has the same structure as the first and second
stators 308, 310, i.e. it is a metal sheet with an array of holes
therein.

[0089] Instead of a single third spacer between the first
and second membranes 304, 306, there are third and fourth
spacers 322, 324. The third and fourth spacers 322, 324 have
a similar shape to that shown in FIG. 2¢, including an
unbroken surround and a central hole. The third spacer 322
is positioned between the first membrane 304 and the third
stator 309, and is bonded to the first membrane 304 and the
third stator 309 around their entire peripheries. The fourth
spacer 324 is positioned between the second membrane 306
and the third stator 309, and is bonded to the second
membrane 306 and the third stator 309 around their entire
peripheries. The first and second membranes 304, 306
together with the third and fourth spacers 322, 324 and the
periphery of the third stator 309 enclose a volume of air 326
between the first and second membranes 304, 306, i.e. so
that the volume of air is surrounded on all sides without any
gaps. It can be seen from FIG. 3a that the volume of air
comprises two regions 328, 330 that are acoustically con-
nected via the holes 315 in the third spacer 309.

[0090] In this example, the spacing between the mem-
branes is 2 mm, with the third stator 309 equidistant from
each membrane 304, 306, but other spacings are possible.
[0091] In the example embodiment of FIGS. 3a and 354,
the first and second membranes 304, 306 are electrically
isolated from each other and a biasing arrangement 312
provides D.C. biases Va, Vb and Vc respectively to the first
membrane 304, the third stator 309, and the second mem-
brane 310. The biasing arrangement 312 also provides a
varying voltage to the first and second stators 308, 310. The
voltage provided to each of the first and second stators 308,
310 includes a bias offset (V1 for the first stator 308 and V2
for the second stator 310) and a varying component V(t)
corresponding to the audio signal to be reproduced. The
varying component has opposite polarity for each stator 308,
310, so that as the voltage V(t) varies, the three stators 308,
309, 310 cooperate to push and pull the biased membranes
304, 306 to generate acoustic waves corresponding to the
audio signal.

[0092] As the membranes vibrate in response to the
applied voltages, the enclosed volume of air 326 provides
the advantages discussed above with reference to the first
embodiment, i.e. helping to enhance the low frequencies and
dampen the high frequencies in the transducer response.
[0093] In the example of FIGS. 3a and 354, the first and
second membranes 304, 306 have the same structure and
configuration as the membranes 204, 206 described above
with reference to FIGS. 2a and 24, i.e. they are formed from
the same materials and have the same dimensions as each
other, but are mounted in the layered configuration under
different tensile stresses, so that the first membrane 304 has
a higher effective compliance than the second membrane
306.

[0094] As discussed above, the provision of two mem-
branes with different effective compliances alters the fre-
quency response of the transducer compared with two
membranes having the same effective compliance. As the
resonance characteristics depend on the membrane’s effec-
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tive compliance, providing two membranes with different
effective compliances combines the resonant characteristics
of both membranes into a single frequency response, which
is generally flatter than the frequency response of a trans-
ducer with a single membrane or with two membranes with
the same effective compliance.
[0095] In addition, as mentioned above, providing two
membranes with an enclosed volume of air between them
modifies the acoustic impedance of the membranes such
that, as a composite vibrating element, they have a high
effective mass at low frequencies and increased damping at
higher frequencies. This enhances the lower frequencies
while flattening the higher frequencies in the transducer
frequency response, giving a flatter frequency response
overall.
[0096] FIGS. 4a and 45 provide an illustrative indication
of the typical changes observed in the frequency response
for a transducer such as those described with reference to
FIGS. 2a, 2b, 3a and 3b above, compared with known
arrangements.
[0097] FIG. 4a shows an illustrative sketch of the fre-
quency responses 400, 402 of two transducers manufactured
with a single membrane, where the membrane in each
transducer has a different effective compliance. It can be
seen that in FIG. 4a, each transducer has a relatively low
response at low frequencies, a resonant peak 404, 406
(which depends on the membrane compliance) and after the
peak, a gradual increase with frequency. The frequency
response 402 of the membrane with the higher effective
compliance has a resonant peak 406 that is shifted down-
ward in frequency relative to the resonant peak 404 of the
frequency response 400 of the membrane with the lower
effective compliance.
[0098] FIG. 456 shows an illustrative sketch of the fre-
quency response of a two-membrane transducer without
sealing to enclosure a volume of air, and wherein the
membranes have the same compliance (dotted line 408) and
the frequency response of a two-membrane transducer with
sealing and different membrane effective compliances, such
as described with reference to FIGS. 2a, 2b, 3a and 3b above
(solid line 410).
[0099] It can be seen from FIG. 4b that when two such
different membranes are provided in one transducer the
combination of the two different resonant peaks flattens the
frequency response overall. It can also be seen that further
flattening is created by the enhanced lower frequencies and
damped higher frequencies, which results from providing
two membranes in the same transducer with an enclosed air
volume between them. A flatter frequency response is desir-
able because the transducer will reproduce the audio signal
with higher fidelity.
[0100] Although only two embodiments have been
described, it will be appreciated that these embodiments are
exemplary only and do not limit the scope of the invention,
which is defined by the claims.
1. An electrostatic transducer comprising:
first and second flexible conductive membranes; and
first and second conductive stators;
wherein the membranes and the stators are assembled in
a layered configuration with the membranes between
the stators and with an enclosed volume of air sealed
between the first and second membranes;
wherein the electrostatic transducer is arranged in use to
apply an electrical potential which gives rise to an
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electrostatic force between the membranes and the
stators that causes the membranes to move relative to
the stators.

2. The electrostatic transducer as claimed in claim 1,
wherein the first and second membrane are mounted in the
transducer with a spacer or spacer structure between them,
wherein the first and second membrane together with the
spacer or spacer structure enclose the volume of air.

3. The electrostatic transducer as claimed in claim 1,
wherein the transducer comprises multiple volumes of air
sealed between the membranes.

4. The electrostatic transducer as claimed in claim 1,
wherein there is no intervening element between the first and
second membranes.

5. The electrostatic transducer as claimed in claim 1,
wherein a spacing between the first and second membranes
is at least 5 um.

6. The electrostatic transducer as claimed in claim 4,
wherein the first and second membranes are electrically
coupled.

7. The electrostatic transducer as claimed in any preced-
ing claim 1, wherein the transducer further comprises one or
more further membranes between the first and second sta-
tors.

8. The electrostatic transducer as claimed in claim 1,
wherein a further conductive stator is provided between the
first and second membranes.

9. The electrostatic transducer as claimed in claim 8,
wherein a spacing between the first and second membranes
is at least 20 pm.

10. The electrostatic transducer as claimed in claim 8,
wherein the further stator comprises perforations, allowing
air to pass therethrough.

11. The electrostatic transducer as claimed in claim 8,
wherein the further stator is separated from each of the first
and second membranes by respective first and second spac-
ers, and wherein the first and second spacers are bonded to
the further stator and the first and second membranes so that
the membranes, the first and second spacers and a bonded
portion of the further stator together enclose the volume of
air.

12. The electrostatic transducer as claimed in claim 8,
wherein the membranes are electrically insulated from each
other.

13. The electrostatic transducer as claimed in claim 8,
wherein the transducer comprises N stators and N-1 mem-
branes, wherein N is at least 4, the stators and membranes
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are arranged in an alternating layered configuration with the
first and second stators outermost.
14. The electrostatic transducer as claimed in claim 1,
wherein at least one of the first stator, the second stator and
a further stator comprises an insulating coating on one or
more surfaces facing the membranes.
15. The electrostatic transducer as claimed in claim 1,
wherein the first and second flexible conductive membranes
have respective first and second effective compliances,
wherein the first effective compliance is at least 10% greater
than the second effective compliance.
16. A method of manufacturing an electrostatic trans-
ducer, the method comprising:
providing first and second flexible conductive mem-
branes; and first and second conductive stators;

assembling the first and second flexible conductive mem-
branes and the first and second stators in a layered
configuration with the membranes between the stators
and with an enclosed volume of air sealed between the
first and second membranes; and

arranging the electrostatic transducer to apply in use an

electrical potential which gives rise to an electrostatic
force between the membranes and the stators that
causes the membranes to move relative to the stators.

17. The method as claimed in claim 16, wherein the
transducer comprises multiple volumes of air sealed
between the membranes.

18. The method as claimed in claim 17, comprising
mounting the first and second membranes in the transducer
with a spacer or spacer structure between them, wherein the
spacer or spacer structure comprises a layer of material with
multiple apertures separated by walls, wherein the method
comprises bonding each of the membranes to the walls
between the apertures such that each aperture defines a
respective one of the volumes of air that is sealed in by the
membranes.

19. The electrostatic transducer as claimed in claim 3,
wherein the first and second membranes are mounted in the
transducer with a spacer or spacer structure between them,
wherein the spacer or spacer structure comprises a layer of
material with multiple apertures separated by walls and
wherein the membranes are each bonded to the walls
between the apertures such that each aperture defines a
respective one of the volumes of air that is sealed in by the
membranes.



